Toluene/water cluster ion fragmentation is studied for isolated cold clusters by means of oneand two-color mass resolved excitation spectroscopy, time resolved pump (SI +-So) probe (1 <-SI) spectroscopy on the nanosecond time scale, and nozzlellaser delay timing experiments. These experiments lead to an identification of parent clusters for all fragment ion clusters observed. Fragmentation reactions depend on cluster size and on the energy deposited in the ion by the two photon I +-SI <-So excitation sequence. Fragments identified by these techniques include (H20}xH + (x = 3, ... ,6) and toluene + (H 2 0) n _ 1 for toluene (H 2 0) n clusters and (H 2 0) x D + , (H 2 0) x H + , and toluene-d 3 + (H 2 0) n _ 1 for toluene-d 3 (H 2 0) n clusters. For n.;;;3 the preferred cluster fragmentation pathway is loss of a single H 2 0 molecule, while for n;;.4 the preferred cluster fragmentation pathway is generation of (H 2 0) nH + . Cluster ion fragmentation is prevalent in this system because of product stability (Le., solvated protons and the benzyl radical) and because the I +-SI transition leaves the cluster ion in a very highly excited vibrational state (av~O for the I +-SI transition). The fragmentation of toluene + (H 2 0}3 to generate (H20}3H + and a benzyl radical takes place by two distinct pathways with generation times 71 < 60 ns and 72 = 480 ns. The toluene + (H 2 0}2 fragmentation from toluene + (H 2 0h has a generation time of 7< 60 ns. The possible energetics, kinetics, and mechanisms for these fragmentations are discussed.
I. INTRODUCTION
The study of clusters composed of an aromatic molecule (solute) and a number of small molecules (solvent species) is motivated by three main concerns: ( 1 ) solvation effects on isolated molecule structure and energy levels; 1 (2) energy dynamics in condensed phases (under solvation conditions) compared to energy dynamics in isolated molecules;2 and (3) the effect of solvation on unimolecular and bimolecular che~istry.3 Observed cluster behavior is, in general, different for polar and nonpolar solvents. The behavior of clusters consisting of a solute molecule and nonpolar solvents is characterized typically by small shifts from isolated molecule spectra, sharp (molecularlike) ionization thresholds, no cluster fragmentation at the (apparent) ionization threshold, simple vibrational dynamics [intracluster vibrational redistribution (IVR)] and unimolecular vibrational predissociation (VP) reactions, and no evident intermolecular chemistry in any accessed electronic state (Le., ground state, first excited singlet state, and the cluster ion ground electronic state). The behavior of clusters consisting of a solute molecule and polar solvents (e.g., NH 3 , H 2 0, R OH, NR 3 , etc.) is quite different: broad ionization thresholds,4 extensive cluster fragmentation at the apparent ionization threshold, S and cluster S 1 and/or ion chemistry6 (vide infra) are all quite typical.
In the extreme case, recently reported for benzene/water clusters, 7 the ion fragmentation reaction C6H6+ (H 2 0}n -+C6H6+ (H 2 0}n_1 + H 2 0 apparently cannot be avoided. Other more extreme examples of cluster ion chemistry can be found in the toluene/water and ammonia systems for which both the above fragmentation reaction and reactions generating (H20}nH + (n;;.3) , and (NH3)mH + (m;;' l,n > m) can be characterized. {b) (Throughout this paper we use the letter n to signify the number of solvent molecules in the original parent cluster prior to fragmentation of the ion. )
• Cluster fragmentation is particularly extensive for ionic clusters in which reactions can occur. Under these conditions, the exothermicity of the reaction as well as the energy associated with the geometry difference between neutral and ionic clusters can contribute to the fragmentation of parent clusters. Since the cluster ion chemistry of such systems is largely not explored, elucidating the cluster ion geometry, binding energies, and reactions is an important goal. The first step in this process is simply to enumerate the specific reactions occurring for the various cluster ions [e.g., toluene + (H 2 0)n, (NH 3 )n' benzyl alcohol(H 2 0)n, (NH 3 ) n' etc.] generated as a function of SI +-So and I +-SI excitation energy. One must know simultaneously what cluster is accessed and what are the products generated in the cluster reaction. This is often, as is typical for the study of chemical reactions, a tedious effort in which reactants, products, and energy and mass balance must be established and only subsequent to these determinations can reactions kinetics and mechanisms be addressed. The tools we use to accomplish these determinations are SI +-So spectroscopic identification of the individual cluster transitions for clusters of different mass (n = 1,2, ... ), variation of the ionization energy I +-SI' identification of cluster fragment products in mass spectra and nozzlellaser timing delay studies.
In this report we explore the cluster ion chemistry of toluene/water clusters. The chemistry of other cluster ions (toluene/ammonia,8(a) benzyl alcohol and amine/water, and ammonia
(b»
are dealt with in separate reports. The particular focus of this paper concerns four main themes: association of a given resolved spectrum with a specific cluster C6HSCH3 (H 2 0) n; identification of particular cluster ion fragmentation patterns as a function of ionization energy; demonstration that the observed chemistry does indeed occur on the ground state ion potential surface and not the So, S., or Tn surfaces; and association of (qualitative) cluster structure with the observed chemistry.
II. EXPERIMENTAL PROCEDURES
The reported experimental results are mass resolved excitation spectra (MRES).9 Both one-and two-color experiments are carried out. For one-color experiments, a single Nd/Y AG pumped dye laser is employed to excite the cluster or molecule to S. and subsequently to ionize it, generating both the SI -So spectrum as the laser is scanned and the various fragment ion signals. The dye used in these experiments is LDS698: the fundamental output of the dye laser is doubled and mixed with the 1064 nm fundamental output of the Nd/YAG pump laser. Other experimental conditions include: helium backing pressure at 50 psi and toluene and water saturated vapor pressure maintained at T ~ 300 K.
For two-color experiments, two separate Nd/Y AG pumped dye lasers are employed, one of which induces the SI-S0 transition and the other induces the I-S. transition. Both lasers can be scanned to generate "spectra" of the two different transitions. The ionization dye laser for these two-color experiments uses DCM, R640 or kiton red as the lasing medium. Scanning the ionization dye laser for a fixed excitation energy yields ionization threshold spectra. Observing the ion signal intensity as a function of time separation between the two lasers in a two-color experiment yields the lifetimes of various ion signals originating from the S. state.
Information about parent cluster size can additionally be obtained by noting the time delay between nozzle opening and the initial appearance of signal intensity in any given mass channel. Signals which arise from cluster fragmentation will still have a nozzle/signal time delay indicative of the parent cluster. This time delay is associated with two phenomena: (1) flow speed differences (velocity slippage) in the supersonic expansion for different masses; and (2) cluster formation within the nozzle opening time. The heavier the cluster mass the larger is the time delay between nozzle opening and maximum signal observation as velocity slippage is greater for larger masses and larger clusters are formed later in the nozzle opening sequence. While neither of these factors can be effectively predicted a priori, these time differences can be utilized to associate parent cluster mass with particular S.-So absorption features. In order to acquire such data, the time delay between nozzle opening and laser firing is scanned for given transitions in different mass channels and plotted on a single graph. Signals arising in different mass channels but associated with a given parent cluster will all have the same time delay with regard to nozzle and laser firing, even though their flight times in the drift tube after excitation/ionization are quite different.
III. EXPERIMENTAL RESULTS
The experimental results presented in this section consist of one-and two-color MRES, nozzlellaser time delay studies, and ionization threshold studies. The difficulty presented by this data set is that particular spectroscopic cluster features often appear in more than five different mass channels: 'the parent cluster associated with a given feature is thus by no means clear. The initial goal of these experiments is to determine the parent cluster for a specific identifiable spectroscopic feature.
Once the "reactant" (parent) cluster is identified, the "product" (fragment) clusters can be associated with it and the overall unimolecular chemical reactions taking place in the cluster ions can be elucidated. These reactions are, of course, a function of cluster ion energy and the energy dependence of product formation must also be determined through two-color MRES and threshold ionization studies. One-and two-color MRES data are needed to trace the various reaction and fragmentation pathways and the time delay studies can verify that groups offeatures have the relative time dependence appropriate for a given mass channel. The spectroscopic and time delay data sets are quite involved and required meticulous pursuit of each spectral feature through a series of mass channels and time delays. The reward for this effort is an elucidation of the cluster ion chemistry (i.e., identification of reactants, products, reaction pathways, and dynamics) of toluene(H 2 0) n' The fundamental results are summarized in Scheme I and Tables I and II . We follow the logic and detail of this process in the rest of this section.
A. One-color mass resolved excitation spectra One-color MRES observed in mass channels appropriate for toluene(H 2 0)m (m = 1, ... ,4) clusters are presented in Fig. I (a)-1 (d) . Some representative features in these spectra are labeled so that one can follow their appearance in the different mass channels. The negative features in these spectra are caused by microchannel plate overload at the toluene flight time. Two vibrational progressions can be identified in the toluene(H 2 0). mass channel [ Fig. 1 (a) ]: one of7 cm -• spacing and the other of 50 cm -• spacing. To reveal the nature of these vibrational motions, isotopic substitution of both the toluene methyl group and the water molecules can be pursued. Deuteration of the toluene (free) methyl rotor yields no shifts of any observed cluster transitions near the og structure oftoluene(H 2 0) m (m = 1, ... ,4) clusters. Deuteration of the water to form toluene(D 2 0) m clusters yields a 6% (~0.5 cm -.) red shift in the 7 cm -• motion and less than 1% (~0.5 cm -.) blue shift in the 50 cm -. progression observed in the toluene(H 2 0). mass channel. Given these results one can tentatively conclude that the observed features in the toluene(H 2 0). mass channel are not due to methyl rotor transitions or a given water molecule rotation about its own symmetry (C 2 ) axis. These data [ Fig. 1 (a) ] suggest that the generator of the spectrum observed in the toluene(H 2 0). mass channel may not be associated with the toluene (H 2 0 ) 1 cluster. The pattern of this spectrum also suggests a different parent cluster geometry in the So and S, electronic states. Peaks labeled a and b in the toluene(H 2 0)2 and toluene(H 2 0)3 mass channels are found at 37606 and 37591 cm -1, respectively. Features a and b are followed by weak features at ca. 14 cm -1, to higher energy. Feature b is not found in mass channels toluene (H 2 0)2,4; however, the first small feature following peak b in the toluene(H 2 0)3 mass channel coincides with peak a in the (H 2 0)I,2 channel. Apparently this feature (a) is common to all three mass channels, toluene(H 2 0) 1,2,3: this suggests, in general, that feature a in the toluene(H 2 0) 1,2 mass channels may well be a fragment feature associated with toluene(H 2 0)n, n>3. [(H20)4D+] as presented in Fig. 3 (a)-3(c). All transitions are labeled according to the notation of Fig. 1 . Transitions for toluene (H 2 0) n clusters are labeled by unprimed letters (a,b,c,d,e) and transitions for toluene-d 3 (H 2 0) n clusters are labeled with primed letters (a',b',c',d',e') . The signals observed in mass channel 91 [ Fig. 2 (c) ] are due to both (H20)5H + and the benzyl radical ion. Of course, in both instances, the one-color MRES observed is associated with either toluene or the appropriate parent cluster. Features in Fig. 2 (c) observed due to the benzyl radical as generated by bare molecule toluene fragmentation are found at 37482 cm -1 (toluene og), 37 498, 37536, and 37 560cm-1 (toluene methyl rotor transitions), and 37648 cm -1 (toluene vibration). The methyl rotor feature at 37 536 cm -1 is label toluene + (H 2 0) n -toluene + (H 2 0)m_1 +(n-m+l)H 2 0, n>m (2) has taken place. The fact that a b' transition is not found in the (H 2 0) 4H + mass channel [Fig. 3 (b) ] but is found in the (H 2 0) 40 + mass channel [Fig. 3 (c) ] suggests that HID exchange as given above is not possible for this transition. This in tum indicates either that the bib' transition arises from the toluene ( H 2 0) 4 parent cluster, or that the geometry of this cluster is such that H/D exchange is inhibited. The latter possibility is rather unlikely because the water-water interaction (ca. 2000 cm -I) is much larger than the toluene-water interaction (ca. 600 cm -I).
A general observation about all these fragmentation reaction paths can be made based on the relative intensities of common signals in the different mass channels. Signals observed in the (H 2 0) 3H mass channel are several times weaker than the same signals in the toluene(H 2 0)2 mass channel. On the other hand, signals observed in the (H 2 0) sH mass channel are several times stronger than those same signals observed in the toluene(H 2 0)4 mass channel. Thus,fragmentation to toluene(H 2 0)2 is more favorable than fragmentation to the benzyl radical and (H20)3H +, but the reaction thermodynamics and/or kinetics change for toluene(H 2 0)n, n>5. These intensity ratios probably obtain because the proton is better solvated in a (H 2 0)s cluster than a (H 2 0)3 cluster. Absence of signals for any feature in the (H 2 0) 2H + and (H 2 0) IH + mass channels indicates that cluster fragmentation into these channels is not favorable, most likely due to the relatively low gas phase basicity of (H 2 0) 1.2: note, however, that the same reaction for toluene/ammonia does generate (NH3)mH +,m = 1,2,3, .... 8 On the basis of the one-color mass resolved excitation thus far presented, multiple cluster conformers for a given cluster mass (size) do not seem to be present.
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B. Two-color mass resolved excitation spectroscopy
The two-color MRES observed in toluene(H 2 0)n' n = 1, ... ,5 mass channels are presented in Fig. 4 . All onecolor toluene ( H 2 0) n _ I features now clearly appear in the toluene ( H 2 0) n mass channel. Note, in particular, that transition a does not appear in the toluene (H 2 0)4 mass channel, and that transition b does not appear in the toluene(H 2 0)s mass channel. Thereby, we suggest that feature a is due to toluene(H 2 0h feature b is due to toluene (H 2 0)4, and feature c and d are due to toluene(H 2 0)s, etc. Additionally, four new features appear (uniquely) in the toluene (H 2 0) I mass channel [indicated by arrows in Fig. 4(a) ]. We suggest that these four new features actually arise from toluene(H 2 0) I clusters and that most of the spectra recorded by one-color MRES for this mass channel are due to toluene(H 2 0h These conclusions are summarized in Table  I and Scheme 1. All observed signals are due to absorption of two and only two photons. This is well illustrated in Fig. 6 in which the transition b (see Figs. 1-4) is excited (37 591 cm -1) for both one-and two-color mass resolved excitation spectra. The ionization laser is at an energy of 34 350 cm -1 for twocolor spectra. If the ionization laser is increased in intensity, new fragments in different mass channels (e.g., 63, 65, 75, 77, 102 amu) can be observed [Fig. 6(b) ]. Reducing the laser power slightly returns the mass spectrum to its original low power ionization status [ Fig. 6 (c) ] .
c. Time delay studies
In Fig. 7 we present various toluene(H 2 0)n n = 0, ... ,6 signal intensities (labeled as in Figs. 1-4 and Table I ) as a function of time delay between nozzle triggering and laser excitation. These data show quite dramatically the following points: ( 1) the time separation between T3 and q represents a "double" separation-feature q is due to toluene ( H 2 0) 2 and T3 is due to toluene; (2) features p and q are generated by a cluster of the same mass, toluene( H 2 0) 2; (3) heavier mass clusters are formed more closely together in the expansion and suffer flight time and/or condensation compression as can be seen from the time delay behavior of features q,a,b,c. These data firmly establish the following: (1) These data can be used to associate specific cluster masses with specific transitions. See text for discussion. generated by parent toluene(H 2 0)6 or (H 2 0)7; (2) features c and d are generated by parent toluene(H 2 0)5; (3) feature b is generated by toluene(H 2 0)4; (4) feature a is generated by toluene(H 2 0)3; (5) features p and q are generated by toluene(H 2 0)2; and (6) the missing toluene(H 2 0) 1 cluster spectra are located by two-color MRES techniques and are presented in Fig. 5 as OJ' These conclusions are summarized in Table I and Scheme I.
Some additional general comments can now be made regarding the fragmentation processes observed: (1) the typical fragmentation reactions presented in Eq. (1) hold mainly with m = n andp = 0; (2) the benzyl radical is generated usually without solvation; and (3) toluene/water cluster geometry is such that HID exchange [as depicted in Eq. (2)] can occur for the larger toluene-d 3 /water clusters. These results are summarized in the following equations:
Two-color MRES studies as a function of time delay between the two lasers have been performed for all the la-
about 65 ns: this is the same lifetime as the toluene S 1 state. We thus conclude that the observed chemistry and energy dynamics of the toluene/water system are not related in any way to the toluene triplet manifold or the ground state: all the competitive fragmentation reactions that are observed for the toluene/water system must take place in the ground electronic state of the ion. Recall that all presented excitations S 1 .... So take place with no vibrational excess energy generated in the cluster.
The third time dependent measurement needed to help elucidate the mechanisms and kinetics of the observed dissociation and proton transfer/fragmentation reactions is a study of the signal intensity as a function of flight time: in particular we are concerned about signal "line shape" for given mass channel features. These one-color and two-color MRES results are displayed in Fig. 8 8(a)] rises in mass channel 55 amu, but spreads (decays) to "higher mass channels" or longer flight times. In the twocolor experiment the ionization laser energy is varied between 34 636 and 37 600 cm -1 with no effect on the observed signal time width. On the other hand, transition a detected in the toluene(H 2 0) 2 mass channel does not show this "decay behavior" [ Fig. 8(c We note the following additional information concerning these observations: (I) exactly the same behavior is found for transition at of the toluene-d 3 (H 2 0)3 as detected in the (H20)3D (56 amu) mass channel; (2) the width of the mass channel 55 and 56 amu features is due to a single mass peak and a single, resolved spectroscopic feature (a and at in this instance); (3) various positions in the width of roughly eight to ten mass channels yield the same optical spectrum (feature a or at); (4) the apparent sharp features to higher mass in the two-color signal at mass channel 55 amu are due to fragmentation associated with the high intensity of the ionization laser needed to generate the intense feature displayed; and (5) both the one-color and two-color MRES signals in mass channel 55 and 56 amu give the same decay constants.
These observations suggest that the reaction toluene + (H 2 0) 3"'" benzyl radical + (H 2 0hH + (4) takes place slowly (ca. 500 ns). Upon careful analysis of the line shape of the 55 amu (H20)3H+ time of flight signal, this feature can be resolved into a < 60 ns and a 480 ns generation time, as will be shown below. On the other hand, the reaction toluene + (H20)3 ..... toluene+ (H 2 0)2 + H 2 0
can be deconvolved into only a ca. < 60 ns generation time
[the instrument response function in roughly 20 ns full width at half maximum (fwhm)] after the parent c1uster has been ionized. These data suggest the following physical behavior for the fragmentation of the toluene(H 2 0)3 cluster:
(1) two pathways exist to generate the (H 2 0) 3H + fragment, one fast < 60 ns and one slow ca. 480 ns; and (2) a single pathway exists to generate the toluene + (H 2 0)2 fragment. Contributions from fragmentation kinetic energy render a better estimate of the fast generation time difficult to make. A detailed discussion of the analysis of these MRES line shapes is presented in the Discussion section.
D. Apparent threshold ionization energies
Ionization action spectra are recorded for each cluster as detected through the parent and fragment mass channel signals. Thus, an appearance or apparent ionization energy can be found for each reaction Table I . For this latter cluster the Franck-Condon factor must favor large fJ..v and therefore the two accessed potential surfaces SI and I must be displaced from one another and of a different shape. The behavior displayed for toluene(H 2 0h transition q in Fig.  9 (c) is typical of all toluene/water cluster transitions. The S, and I states must have significantly different geometries for the toluene/water cluster system. Threshold ionization data for the various parent clusters detected in the toluene(H 2 0) n' toluene(H 2 0) n _ I' and (H 2 0) n H mass channels are presented in Table II . The parent cluster will generate three different products depending on the ionization energy. For example, the toluene + (H 2 0)4 appears at a threshold energy of 68 940 em -I. The toluene + (H 2 0h product requires 1300 cm -1 more energy to appear and the (H 2 0) 4H + fragment requires 1100 cm -1 more energy to appear. These data are summarized in Tabl¢ II.
From the data presented in Table II tion thresholds for reaction: (1) the ion state in the toluene/water cluster system is significantly stabilized with respect to the So and SI cluster state and the bare toluene molecule, especially for large clusters; (2) the appearance potential for the (H 2 0) n H + product is lower than that for the toluene + (H 2 0) n _ 1 product for n;>3; and (3) fragmentation of higher order clusters [see Eq. (3)] into the toluene (H 2 0) 1.2 channels takes more energy than fragmentation into the toluene(H 2 0h mass channel.
IV. DISCUSSION
and Two different types of fragmentation are observed toluene + (H 2 0)n ... toluene+ (H 2 0)n_' + H 2 0, etc.
toluene + (H 2 0) n'" benzyl radical + (H 2 0) n H +, etc. (7) Cluster ion fragmentation to (H 2 0) m H + is possible as long as m;>3. This behavior is probably related to the gas phase basicity of water because toluene/ammonia cluster can fragment to (NH3)yH +, Y = 1,2,3, ....
These two paths as governed by intracluster vibrational redistribution (IVR), vibrational predissociation (VP), proton transfer, and overall reaction energy balance. The simple dissociation reactions must be governed by IVR and VP kinetics. The proton transfer/dissociation reaction is governed by the stability of the products which include the benzyl radical. and the solvated proton. Evidently the proton affinities (properly, gas phase basicities) of H 2 0 and (H 2 0)2 are not large enough to drive the reaction for H30 + and (H20)2H + . Since both the binding energies and the Franck-Condon shift for the I .... SI transition are unknowns, we cannot be more specific concerning the energy balance and dynamics of these two paths.
A. Cluster structure
While only limited information concerning cluster geometry is available from the data presented in this report, some qualitative notions of cluster structure can be gained from these results.
First, we suggest that the water molecules in these clusters are themselves clustered into n-mers for the following reasons: spectroscopic shifts are all small and similar for the SI +-So transition in the various toluene(H 2 0) n clusters; the parent clusters readily fragment into large (H 2 0) n H + (n = 3,4,5,6) clusters; and each toluene(H 2 0)n (n = 2,3,4,6 ... ) cluster has a spectrum comprised typically of a single origin feature. The latter point suggests the water cluster forms in the presence of toluene and then interacts with it, consistent with the relative size of the (H 2 0) n interaction energy (ca. 2000 cm -1/H 2 0) and the toluene/water interaction energy (ca. 600 cm -I /H 2 0).
Second, an inner (n.;;; 3) and outer (n > 3) layer of water molecules seems to be consistent with the experimental results. The data that suggest this type of structure are the following: toluene(H 2 0)n (n = 2,3, and 4) fragmentation appearance energy differs for the toluene (H 2 0) n _ 1 cluster mass channel (see Table II ); similarity between toluene(H 2 0)3 and toluene(H z O)4 spectra (features a and b, in Figs. 1-4 and Table I) suggests the fourth H 2 0 does not interact strongly with toluene; cluster geometry seems to change significantly upon excitation for toluene(H 2 0) n (n<2) but not larger (n;;.3) clusters; cluster SI <-So energy shifts are greatest for n<3 but almost nonexistent for n;;'4; and higher order clusters [toluene(H 2 0)3+m for m>O] fragment into the toluene(H 2 0)3 mass channel but not into the toluene(H 2 0) 1.2 mass channels [consider the behavior offeature a vs feature b (see Figs. 1-4 and Table I) ].
Third, the water molecules probably hydrogen bond together in a chain or cyclic structure because of the limited number of cluster configurations for a given parent cluster n = 1, ... ,4. Empirical potential energy calculations can be employed to obtain additional insight into the details of cluster structure for small toluene/water clusters (n = 1,2). All calculations for the So state of toluene (H 2 0) 1 suggest that the hydrogen atoms of water point toward the aromatic ring, in a "weak hydrogen bonding" interaction geometry. The SI cluster structure should be fairly similar, even though the n = 2 toluene/water cluster does undergo some water displacement upon excitation. This would clearly not be the best structure for the toluene (H 2 0) n cluster ions because the positive ring would be best solvated by the negative end of the water dipole pointed toward it. We thus expect a large geometry change upon I <-SI excitation for these clusters: a rotation of the water molecule(s) in the toluene/water cluster, such that in the cluster ion state the oxygen atom of water would be closest to the ring, would be consistent with this picture.
B. Fragmentation patterns and mechanisms
Parent clusters, their transitions and fragmentation paths are presented in Table I . A general summary of the fragmentation patterns observed is presented in Scheme I. Note that for all toluene/water clusters, fragmentation is nearly complete: even near threshold ionization, ion fragmentation is a dominant factor in the cluster ion behavior and detection. Similar and even more extensive fragmentation is also found for the toluene/ammonia cluster system. Such extensive fragmentation is not usual for van der Waals clusters. For example, even one-color MRES spectra of simple aromatics (e.g., benzene, toluene, azines, etc.) clustered with nonpolar solvents l • IO (e.g., rare gases but not He, C n H 2n + 2 , CF 4 , CO 2 , CO, N 2 ) do not show extensive fragmentation reactions. One would initially suggest that, since the binding energies in So, SI' and I for polar solvents should be much larger than those for nonpolar solvents, cluster ion fragmentation should be even less of a problem for aromatic/polar solvent clusters than it is for aromatic/ nonpolar solvent clusters. Nonetheless, this is clearly not the case and we can present two related arguments to make the observed extensive cluster ion chemistry seem reasonable. First, the cluster ion is much more tightly bound than either the So or SI van der Waals toluene (H 2 0) n clusterin its equilibrium configuration. Therefore, not only is the ion cluster potential well deeper, but its equilibrium minimum is also shifted to smaller separation between aromatic and solvent. Additionally, as pointed out above, the water molecule orientation for the closest waters to the toluene ring should have a different (probably inverted) eqUilibrium orientation in the ion than they do in the So or SI states. This equilibrium position shift ensures (through the Franck-Condon factor for the transition I <-SI) that the optically accessed ion is highly vibrationally excited and Av>O for the I <-SI transition. The cluster ion then even at "threshold ionization" can have a great deal of excess vibrational energy. This too explains the very broad threshold for the ion excitation spectra: the slope in Fig. 9(c) represents the vibrational overlap for the Franck-Condon transition I <-SI' This slope probably reflects the ion potential surface curve many thousands of wave numbers above the ion zero point state. Second, if the polar solvent can accept a proton [e.g., (H 2 0) nH + n;;.3 and (NH 3 ) mH + ,m;;.l] and thereby generate a very stable radial (e.g., benzyl), the overall fragmentation reaction becomes much more energetically favorable.
c. Fragmentation kinetics
One additional piece of information is available concerning the fragmentation reactions. For toluene + (H 2 0h the fragments toluene + (H 2 0) 1.2 and (H 2 0) 3H + are observed. The dissociation reaction is relatively fast ( < 60 ns) and proton transfer fragmentation [Le., (H20hH + generation) has both slow (1'2~500ns) and fast (1'1 <60ns) components (see Fig. 8 ).
To obtain the above information from the width of these observed fragment mass channel signals, we must relate the observed (detector) time to real time in the molecular frame. A number of points must be considered in this regard:
( 1) the time-of-flight mass spectra (TOFMS) signal is a function of time T as detected by the microchannel plate mass detector; (2) T is an implicit function of the fragmentation (real) time (t) of the parent clusters; (3) all signals are convolved with the instrument response function, as given by the toluene bare molecule signal; and (4) the mapping between t and T is a function of instrument parameters and the respective masses of the parent and fragment clusters, and thus different signal widths for different fragments arising from a given parent do not necessarily imply different kinetics for each fragment.
To determine the lifetime of the immediate precursor of (H20)3H + and to determine whether or not the fragments (H 2 0hH + and toluene + (H 2 0)2 have a common precursor before their formation, the time mapping for different ions (t++ n must be found. This mapping is accomplished under the following assumptions: (1) the ion is formed at time zero at a single point within the ion extraction region; (2) parent clusters and their fragments have no initial velocity along the direction of the flight tube; and (3) the ions are only directed by the applied electric field, not the presence of other ions. The resulting formulas are listed in Table III . Also presented is a flight time calculation for fragmentation occurring in the acceleration region. Evidently several factors which may potentially contribute to the observed signal (flight time) width have been ignored by these assumptions. The most significant one is probably the kinetic energy release associated with the various fragmentation channels. This initial fragment kinetic energy contribution to the ion 
Fragmentation in the acceleration region (3.655-0.0 kV)
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Definition of symbols used. T = total flight time or the detected time. flight time and its spread will be estimated in the ensuing discussion. All other contributions to the flight distribution for a given ion should effect all ions equally and thus may be included in the instrument response function (Le., the observed width of the toluene + signal). Employing these two expressions with the experimental parameters given in Table III , one readily determines that the observed signal is generated only by cluster parent ion fragmentation in the ion extraction region. Since the electric field is so large in the acceleration region and the clusters spend so little time in this portion of the mass spectrometer, fragmentation in this region only contributes to the broad (unobserved) background signal extending from the fragment mass channel to the parent cluster [toluene( H 2 0) 3] mass channel. Therefore, the observed signal width for (H 2 0 hH + in either one-or two-color TOFMS (ca. 500 ns) is not directly related to any lifetime: this width merely indicates that the lifetime of the precursor of (H 2 0) 3H + is long enough that this cluster reaches the ion extraction grid with sufficient concentration for (H20)3H + to be detected following its fragmentation.
In fitting the signals for (H20)3H + and toluene + (H 2 0)2 fragments of the parent toluene(H 2 0)3 clusters three constraints must be considered. First, the detected signal is proportional to d [D] ldT (T = detector time) and not the daughter fragment concentration [D] . Second, l3C-toluene contributes equally to the toluene(H 2 0)2.3 signals but not to the (H 2 0hH + signal. Third, the observed "two-color" signal intensities of (H20)3H + and toluene + (H 2 0)2 have different actual onecolor and two-color signal contributions and therefore only the one-color MRES data are chosen for fitting and analysis.
Consider the general reaction
in which P is the immediate precursor of the daughter frag-
and the fragment signal intensity as a function of time t would exponentially decay as the total concentration of P decays. (In the ensuing discussion we simplify the notion [D] and [P] 
and (4) convolve dD I dTrepresented in Twith the appropriate instrument response function. From the formulas given in Table III , one can readily determine that both t( nand dt IdT are required for the fitting and analysis procedure. A similar formula has been given for fragmentation in the ion extraction region only)) (note some corrections, however), but dt IdT has not been employed. This derivative can be calculated from the expression for T given in Table III or can be approximated from Ilt lilT away from the initial t = 0 point. Since the signal height is only known in a relative measure and is adjusted for a given scan, the reaction constant k in Eq. (10) does not directly enter into the analysis except as a scale factor.
Employing the equations given above and in Table III , the curve for the (H20)3H + signal can only be fit with two exponentials. The generation times are 7) = 60 ns and 72 = 480 ns: these decay times refer to the precursor decay times and suggest that the (H 2 0) 3H + ion is generated by two different pathways. This fit is shown in Fig. toea) in which the dashed curve is the experimental result and the solid curve is the biexponential fit with 7[ and 7 2 , The same two lifetimes for the precursor give a poor fit to the experi- Fig. lO(c) , a good reproduction of the experimental signal for the toluene(H 2 0)2 fragment cluster obtains.
One can readily estimate the flight time spread due to initial kinetic energy of the fragment. Assuming a fragment mass of 100 amu and an initial kinetic energy of the fragment of 14 kcallmol (-4900 cm -I), the ion speed is 4.62X 10 6 cm/s. A fragment ion of this speed moving away from the flight tube and mass detector would return to its original (creation) position in -16 ns: this time is close to the instrument response function of 20 ns FWHM. The time of flight signal for toluene + (H 2 0h (see Fig. 8 ) is only somewhat wider than that of toluene. Thus the short lifetime 1'1 is stated as a maximum value: the actual generation time may be considerably less than the stated 1'1 < 60 ns. The exact value of this fast component, however, does not affect any of the ensuing discussion of the cluster fragmentation kinetics and possible mechanisms.
One can model these kinetic data with a number of different possible mechanistic schemes but they must all have the following similarities: (1) the (H 2 0) 3H + fragment is generated from two different precursors; (2) these precursors must have the same charge and the mass as the precursor for the toluene + (H 2 0) 2 fragment; (3) the precursor with the long lifetime (1'2 -480 ns) cannot be the nascent state toluene + (H 2 0)3 and is probably generated by either IVR or proton transfer; and ( 4 ) the precursor of toluene + (H 2 0) 2 and the long lifetime precursor of (H 2 0hH + must not be the same. Without further detailed information concerning the structure, binding energy, and vibrational levels of the toluene + (H 2 0)2.3 and (H20)3H + clusters, we cannot analyze the cluster ion reaction dynamics further. We note, however, that a simple (classical) Rice-Ramsperger-Kassel-Marcus (RRKM) calculation of the form kO::C( E~Eo r-Ihv , with E = total energy of cluster, Eo = binding energy of the cluster, C = 3 X 1010 cm/s, hv = 100 cm -I, S = 18, and (E -Eo)/E-0.75 to 0.45 yields 1'-4q ps to 300 ns. This range is reasonable in both time and energy balance for the overall reaction [Eq. (7)] dynamics observed.
In larger clusters [toluene + (H 2 0) 3+ m' m = 1,2,3, ... ] the energy balance is probably such that the proton transferred clusters containing the benzyl radical fragment much more rapidly. Only for the toluene(H 2 0)3 cluster is the gas phase basicity, benzyl radical solvation energy, and benzyl radicall(H20)3H + binding energy such that the reaction kinetics can be resolved with a -20 ns FWHM instrumental response function.
These dynamics (i.e., fragment cluster generation times) are not observed for larger clusters such as toluene + (H 2 0)4.5.6 for which enhanced cluster ion binding energies and enhanced basicities of the large water clusters yield a more highly vibrationally excited nascent state.
V. CONCLUSIONS
These studies of the ion chemistry in the toluene/water system have generated a number of conclusions. A summary of the reactions found, spectra assigned, and energy thresholds for the different dynamical behavior observed can be found in Tables I and II and Scheme I.
The general conclusions of this work can be stated as follows:
( 1 ) Toluene/water cluster ions undergo extensive fragmentation following one-or two-color (l <-SI .... So) ionization.
The favored fragmentation pathway for toluene(H 2 0)n, n<4, is loss of a water molecule. At onecolor excess energies (Table II) , generation of toluene (H 2 0) n _ I by loss of a water molecule accounts for over 50% of the signal. The favored fragmentation pathway for toluene (H 2 0) n' n> 5 is the generation of (H 2 0) n H + .
(2) The number of toluene/water cluster geometries is quite small. Most clusters display a single spectroscopic origin and thus a single conformation for n = 1, ... ,6. The water molecules also seem to aggregate together (hydrogen bond) on one side of the toluene ring. Cluster structure is suggested to be arranged in solvent shells with three water molecules forming a first shell and the others lying in a second shell.
(3) Toluene + (H 2 0)n cluster ions (n>3) can generate a benzyl radical and H + (H 2 0) 3 + m (m = 0,1,2, ... , n-3) hydrated proton cluster ions. H + (H 2 0) n and the benzyl radical are the most probable fragmentation products.
(4) The only observed intermediate state is Sl: Tn or So are not involved in these processes.
(5) Cluster ion fragmentation is so prevalent in aromatic/polar solvent clusters because stable products (e.g., benzyl radical, solvated protons, etc.) are generated and because cluster ion geometry is different from neutral cluster geometry. Polar solvents have large gas phase basicities [ (H 2 0 hH 1-, ••• ] and the Franck-Condon factor for the I"",SI transition is not large for ilu = 0 vibrational excitation. The ion cluster is thus created in a highly excited vibrational state for (most likely) both the van der Waals intermolecular modes and the toluene intramolecular modes.
(6) Cluster reaction dynamics for toluene + (H 2 0) 3 can be characterized. The reaction fragment (H20)3H + is generated through two separate pathways with generation times 71 < 60 ns and 72 = 480 ns. The reaction fragment toluene 1-(H 2 0) 2 is generated with a single time constant 71 < 60. Fragmentation dynamics of other clusters are too fast to measure within our instrument response function of ca. 20 ns FWHM.
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